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SUMMARY 


The influenoe of different types of predictor displrys in a 
longitudinal VTOL hover task is analyzed in a theoretical study. It has been 
assumed that pitch angle and position will be presented to the pilot in 
separate displays namely the artificial horizon and a position display. The 
predictive information is calculated by means of a Taylor series. The future 
pitch angle is extrapolated 0>7s ahead and displayed as an additional bar, 
whereas the position is displayed as an extrapolated path element. This path 
element is approximated by three straight line segments, i.e., three future 
position values are calculated with the end point being 2.0s ahead. 

Prom earlier experimental studies it is well known that precictor 
displays improve human and system performance and result in reduced human 
workload. In this study, the optimal control model is used to prove this 
effect theoretically. The status and predictive quantities are considered as 
separate observed variables. The Taylor series coefficients are Incorporated 
in the observation matrix. Also, rate information included in the movement 
of the position and pitch angle indication is represented. 

Several cases with differing amounts of predictive and rate 
information are compared. The results show the expected Improvements in 
human and system performance in terms of RMS-values. The strongest influenoe 
is caused by the indication of the extrapolated path element, especially the 
end point. Computed cost gradients and fractions of attention show the 
relative importance of the individual pieces of displayed information. An 
optimization of the attention allocation shows a further improvement in 
system performance in all cases. 
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I Introduction 


Predictor displays have been investigated intensively in laboratory 
simulations C 1 3— [53 . It has been found that they improve human and system 

performance and result in reduced human workload. More recently, predictor 
displays have been receiving increasing attention (see, e.g., [6]) because 
the technology of computer graphics has reached a high standard [7] which 
allows one to implement these displays more easily in real man-machine 
systems. 

During the last few years, an optimal control model of the human 
operator (see, e g., [8], [9]) has been applied as a unified methodology for 
analytical display design and evaluation t 10]-L 133. Attitude/director 
indicator and flight director displays have been considered as examples. 

This paper is a contribution to such an analytical display design and 
evaluation procedure* Different types of predictor displays in a 
longitudinal VTOL hover task are analyzed theoretically by means of the 
optimal control model of the human operator. Rather than fitting 
experimental data, the purpose here is to calculate the expected human and 
system performance with different display designs. These results are 
validated by intuitive reasoning by considering earlier experimental results 

In the next section, the VTOL hover task is described. The assumed 
predictor-display layout is explained in Section III. Section IV gives a 
brief overview of the optimal control model and emphasizes specific 
considerations for applying this model to the utilization of predictor 
displays. Finally, the results of a case study are discussed in Section V 

II Description of the VTOL hover Task 

The task chosen in this paper concerns the longitudinal motion of a 
hovering VTOL aircraft . For comparison purposes the task is the same as 
that in [14] which since then nas also been considered in other papers, 
e.g ,[15], [163. 



Figure 1 : Series Loop Model for rilot 
Longitudinal Control in Hover (after [15]) 
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Figure 1 shows a possible structure of this man-machine system, assuming a 
series loop model for the pilot in which his behavior is represented by the 
two transfer functions Yp x and Y ptf 

The system dynamics of the aircraft are described by the following 
equation (see also Figure 2): 

T ul p<» b 0 0 0 0 0 u g 0 

x 001000 x 0 0 


X 0 X -g 0 0 u 

u u 

0 0 0 0 1 0 0 

M 0 M 0 M M. q 

u u q 6 M 

0 0 0 0 0 -100 6 


x A . x + b*u+w 

Equation (1) includes a first oruer lag tiller for uenving the longitudinal 
gust U- from a white noise source w-j as well as a first order lag with time 
constant = 0 01s limiting the control rate of the actuator. The main 
reason for the second lag is to extend the state vector in such a way that 
the second derivative of the pitch angle is also a component of the state 
vector. This is needed for the predictor display as will be shown later. 



Figure 2: Block Diagram of the Aircraft Dynamics 
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y* ~ °*7s seems to be appropriate for pitch. For the position, the 
indication of an extrapolated path element with a prediction span showing the 
range between the actual value and the end point (see Figure 3) # i e . , fx = 
0. . . 2s, has been chosen. The curved extrapolated path element can be 
approximated by, e.g. , three straight lines as shown in Figure 3. This 
reduces the calculation of the path element to that of three points in the 
future i. e., (1/3, ?/3, and 1)T* ahead. 

$PD n I 

' — 9 Actual ( j^^ 

'"Reference - Va,ue ""ReWence ' 

Predicted 

Value 


Figure 3* bisplays with Predictive Information for 
Indications of Pitch Angle (left) and Position (right) 

IV . Application of the Optimal Control Model 

In tnis paper the same optimal control model for the human operator has 
been applied as in [15]. In the block diagram of Figure 4* a distinction has 
been made, however, between influences of display parameters and human 
perceptual abilities on the observation vector y(t). The human perceptual 
abilities include (1) estimation in the sense of extracting the first 
derivative of a displayed variable from its movement as well as (2) 
perceptual thresholds for the position and rate of displayed variables. For 
this study all thresholds have been assumed to be zero. 

w(t) | — • 

I j Human Operator Model 


Aircraft I *<>)£“□&<'>! fH=~| j(t)=Cx(l) 
I Dynamics FH Dlploy r-lH ^ r «P ,u<l1 1 


Abilities 


Control 

Oevice 



figure optimal Control Model for the 
Human Operator (after [15] and [9]) 


Bor reasons of comparing the results of this paper with those of [15], 
the same parameters of the human operator model and the cost functional have 
been adopted, whereas the aircraft dynamios are those described by Equation 
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(1), 'i.ei, having only the very slight change mentioned before. The cost 
functional for optimal control is 


J 



+ 400 


2 , - :2 
q + g 6 c 


(4) 


i.e. . a weigiitea riw: tne mean i’?uareu vnU-es of the position x, the pitch 

rate q = 0 , and the control rate S - The time delay of the human operator' 
model is T = 0.15s, and the lag time oonstant of the neuromuscular system is 
adjusted to T N sf.O.ls by an appropriate choice of g in Equation (4)> 8 

- o.03. The nois e-t o-s ignal ratio of the motor noise is P m = -25dB. The . 
noise-to-signal ratios of the observation noises change in this study. 
However- for the baseline display format with the same observation vector y. - 
tx,u,S,q.] T as in [15], they are adopted as P-, = *2 = *3 s# 4 = " 20dB * 

The described optimal control model should be able to explain the 
improvements of human and system performance which occur when predictor 
displays are used. Looking at Figure 3» one can see that all status and 
predictive information can be described by the following observation vector: 
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vhich can be expressed in terms of position x and pitch angle 6 as well as 
the first and second derivatives of both variables by applying Equations (2) 
and (3). The observation vector in Equation (5) considers also rate 
information, namely u = x and q = b as in the baseline display format, 
thereby combining the two influences of display parameters and human 
peroeptual abilities of Figure 4. 
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Composition of the Observation Vectors for the Case Study 
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Case L is identical with Equation (5). From this, all others have been 
derived by omitting a certain amount of information# i.e., deleting the 
corresponding rows in the observation vector and observation matrix. 


Cases A, E» C, and D are concerned with the influence of rate 
information which has also been investigated in [17]. Case A is the baseline 
display format of this study and is the same as in [15], Cases E, F, and G 
consider only predictive pitch information, whereas cases H» I, J, and K 
assume only predictive position information# being either only the end point 
(H#I) or the complete extrapolated path element (J»K). Finally, cases L#M 
include both predictive pitch and position information. 


The case study is carried out using the version of the optimal control 
model which is described in [18].* This includes an optimization of the 
fractions of attention the pilot devotes to the individual pieces of 
displayed information* The optimization technique based on the cost 

gradients of all pieces of information is described in more detail in [19]. 
The observation noise-to-signal ratio P^ of the ith observed variable is 
related to its fraction of attention f 4 b” 


with 




^ total 


( 8 ) 


vhere Pq is the full attention noise-to-signal ratio# normally -20 db 1 10]. 
Thus the above mentioned noise-to-signal ratios of -20dB for all four 


• The authors are grateful to Aerospaoe Systems, Ino.» Burlington, Mass., and 
William C. Hofftoan in particular for furnishing the optimal control model 
software . 


244 























attention f T" at eorr8spond to a total 

S\E 83 the h “" a " ° p8 '“~ deTOting°t 

V Results 

cases. These Correspond 8 t^a S t otal attentf 0 "" J n , Flgures 5 and 6 for all 13 
optimized. RMS-longitudinal and oitoh ^* lon ot . 4? with attention allocation 
discussed in some detail here ’£?*£?** bee " plotted * They are 

angle . certain trends are apparent P ° Sition X and P*** 

prediction information i3 presented (case* f a,\ 1s reduced in all cases when 
RMS-errors when the rate informa Mon • aSeS «. E ~ M * Ihere is an increase in 
see cases A-D). n 13 nofc available (without prediction ; 



JICDCFfiNIJKLH 


* 8 c D E F 6 H I J It t « 


Figure 5 = ^-Longitudinal Errors Figure 6: ws-Pitch Errors 

(for all 13 Cases with Optimized Attention Allocation) 


information % ab “T of ^"Ivativ. 

HMS-error. When only rate u is removed (B) 10 ab0S i fc 8 °* incr «ase in 

5 W» whereas the increase is only about wh^n V?° r / ncreasea by about 
(D). Therefore, it is very important that ^ PitCh rate is ab3a "t 
easily alio, the human operator to make goTrate .sSs’. deSlg " ed t0 

la rathi small ^hen' on*” th^pitw'mgre'prediot 1 ’' 1 r * ductlon ln R «S-error 
error is reduced ny stout ‘5^ 


w 




i 

i 


fate does , 

information 0t have rau °h effect , 

£SSZ ■ ,1 ' P '"m! i :; * «" -at, 

fespectively, ^ h * However when ® Pared with A even whtn^ <F,G) > 

~ b vs «.« =0^ rrr - 

h It is ^ e a< ^iti°n of 

^S^SsSSS-^isirr- 

r esults f 57 L<|4 ? b y intuitive ie3s than 1/3 of ion of> Position 

f ouaa that ihe lap tiw P j Ml0t °- forT^L, 6 ,"" 1 on aarl le ° rl f‘“ 1 ral “«- 

33 • i - e - • «* - c^ i t M o , ? i r r 

, , " * reduced bv 

SSSS^S — {M) 

S55& »' fS™ c 

». ZtT^tT ™ e 'l£ n ?h ^tthat^-^ t 0 - 4 " l »°» pT 2 

- - ■ 

ioncif,.wa trends /•«.. a. L 


The t ™ ' ,lb ‘ *“«*cation of t* 

SSrH, - - 

?r ( a 

i-uu'Bi ?r* « ‘°"Zm 7 t ? v *»SmS & 1 5 

Pure attitude add i fc ion of a ^ ere flMs * e rrors have k 6 a ® ree ®^nt with 

occurs when >h ntro1 ta ^- Furth.n Pr<5dlotor for an arM^®" ^oved b v * 

feduotion compared ^Vh” predict or dispraJ 1 ? ln R ^-Pitch Cl eL h ° rlzon ^ a 

when th nCe °° CUra lf toe* ra°t' de f 1Vatlve oase (% Thu u 23,1 


ORIGINAL PAGE IS 
OP POOR QUALITY 




figure 7s Optimized Fractions of Figure 8: Optimized Fractions of 
Attention for Cases AE CD Attention for Cases E F,G 

For all 13 cases i the optimized fractions of attention are 
plotted in Figures 7»8>and 9* The total attention is constant at 4 for all 
cases t normalized to 1 in the figure* assuming that the human operator will 
not increase his effort with additionally displayed information. For each 
displayed variable fractions of attention are shown which result in minimum 
total cost. When rate information is available, the optimum fraction of 
attention required is more (mostly by about 8 to 10 times) for the rate than 
for the corresponding displayed variable itself, i.e., position or pitch 
angle (Figure 7)* 

with no predictor* the inner loop (see Figure 1) demands more attention 
(by about 4 times more than the outer loop), when rate u is not available 
(cases 6 C). With the addition of the predictor, position or pitch or their 
derivatives require comparatively less attention than the predicted 

variables. The prediotor requires 3 to 15 times more attention. 

Total attention for the position predictor is about 2 to 3 times 
greater than that for the pitch prediotor (Figure 9). From this and the 
discussions for RMS-errors, the importance of the position prediotor 
information is obvious. 

It should be pointed out that for constant total attention, the 
AMS-errors are still small even when the information available is limited ( 
e g., only 3 variables in case I compared to 8 in case L ), as long as the 
position predictor is available. This could be due to less noise in 
observing what is available and, hence the possibility for better state 
estimation. From the foregoing discussions it is clear that the rate 
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information ia highly useful when a predictor is not available. Having a 
predictor for the low speed outer loop is more important for performance 
since it reduoes the RtoX-errors more effectively. 



Figure 9: Optimized Fractions of 
Attention for Cases J,K,L,M 

In Figure 10, the RMS-values of position* pitch angle* and control for 
different cases with and without rate and predictor information are plotted 
corresponding to optimized attention allocation. These cases have been 
chosen because the additional indication of the end point of the extrapolated 
path element (H) compared with the baseline display format (A) results in the 
simplest predictor display design with the maximum performance improvement* 
Compared with these two cases* C and I show the influence of the omitted rate 
information* The trends disoussed earlier are seen again in Figure 10* 

The effeots of varying the total attention and optimizing the 
attention allocation are illustrated for RMS-longitudinal errors for the 
oases A t C*H* and I (Figure 11). The first bar in each case corresponds to 
variable total attention split equally among displays (1 for each observed 
variable). For the seoond bar, total attention is 4* split equally between 
the inner loop and the outer loop* and equally among displays in any 
particular loop. The remaining bar corresponds to a total attention of 4, 
split optimally. The errors are reduced by 18$ for case A. For ease C* a 
reduction of about 30$ occurs when total attention changes from 2 to 4* 
Optimization reduces this further by only 8$. The slight Increase of 
RMS-error in case H is due to a decrease in total attention from 5 to 4* 
However, in case I* the increase in total attention from 3 to 4 does not 
change the KMS-value. When attention is optimized, up to 3 Of reduction in 
error is obtained. 
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The addition of a pradlotor ol*»t raanlt In .£ 

evidenced by the smaller RMS-control movements. The control actions by the 
pilot are guided by the predictor. This could also have an effect on the 
internal mSdel because estimation of the states is aided by thepredictor 
display. The accuracy requirements of the state Predictor illicitly 
included in the optimal control model of the human operator might be relaxed. 
The improvement of state estimation with an even inaccurate internal model 
might also be important for monitoring and supervisory control tasks. 
Separate studies are needed to evaluate this effect. 

The study shows that the optimal control model is suitable for 
analytical predictor display designs. Using this methodology it is P°”^« 
to investigate the effects of certain display parameters, e.g. * to find the 
optimal length of the prediction span. This may allow one to avoid expensive 
man-in-the-loop simulation studies- 
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